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AdhesionIn this paper, CVD diamond coatings are deposited on cemented carbides with 10wt.% Co using amorphous SiO2
and amorphous SiC interlayers. Transmission electron microscopy (TEM), scanning electron microscopy (SEM),
energy dispersive X-ray (EDX), Raman spectrum and X-ray diffraction (XRD) are carried out to characterize the
microstructure and composition of as-deposited ﬁlms. Moreover, the adhesion and cutting performance of as-
fabricated diamond coatings are studied. Indentation tests show that the amorphous ceramic interlayers can en-
hance the adhesion between diamond ﬁlms and WC–Co substrates. The cutting tests against zirconia indicate
that the tools with amorphous ceramic interlayered diamond coatings exhibit improved cutting performance.
The amorphous ceramic interlayers can improve the adhesive strength andwear endurance of diamond coatings
on WC–10 wt.% Co substrates, which provide a viable way for adherent diamond coatings on cemented carbide
tools with high cobalt content.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
CVD diamond coatings on cemented carbide tools can increase the
tool lifetime and cutting performance considerably due to their excel-
lent physical and chemical properties, such as high hardness, low fric-
tion coefﬁcient and wear resistance [1–3]. CVD diamond coated tools
are very suitable for machining carbon ﬁber reinforced plastic (CFRP),
ceramic, printed circuit board (PCB), metal matrix composite (MMC)
and graphite [4–8]. However, the cobalt in cemented carbides can
cause graphitization at the ﬁlm/substrate interface, which can lead to
the deterioration of nucleation and growth of CVD diamond. Cobalt re-
moval by chemical etching results in adhesion improvement and is
widely used in industry. Nevertheless, the low depth etching will lead
to the diffusion of residual cobalt during CVD process, and high depth
etchingwill cause a brittle Co-depleted layer at the interface ofﬁlm/sub-
strate [9–10]. Either case is detrimental to the adhesion between dia-
mond coatings and WC–Co substrates.
At present, the substrate materials of most diamond coated tools are
cemented carbides with low cobalt content, typically in the 3%–6%
range [11]. Since higher cobalt content can improve the toughness andn the wrong issue. The article is
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mond.2015.09.002.strength of cemented carbides, which is extensively used in the
intermittent cutting process, well adherent diamond coatings on these
cemented carbide tools with high cobalt content is of great importance
to the improvement of cutting performance and tool lifetime in
difﬁcult-to-cut material machining [12]. To our knowledge, there are a
few papers published that investigate the deposition of CVD diamond
on the high-cobalt-content cemented carbides by employing either
chemical etching [11,13–14] or interlayers [15–17]. Mallika et al. [11]
have found that by using chemical etching strong adherent diamond
coatings can be deposited on high cobalt cemented carbides. And Xu
et al. [10] have obtained adhesion improvement of diamond coatings
on cemented carbidewith high cobalt content usingNb, Cr and Ta inter-
layers. According to their study, the specimens performed with both
chemical etching and interlayers exhibit better adhesion than those per-
formedwith only chemical etching or interlayers. In conclusion, consid-
erable success has been made in obtaining adherent diamond coatings
on high-cobalt-content cemented carbides. However, there is little sub-
sequent machining data to verify the effectiveness of as-fabricated dia-
mond coatings.
Amorphous ceramic is in good grace from wide aspects, considering
yield strength, break strength, abrasive resistance, corrosion resistance
and thermal characteristic [18–19], whichmakes it very a promising in-
terlayermaterial. Endler et al. [20] have synthesized a-SiC, a-Si3N4 anda-
SiCxNy interlayers by CVD and performed diamond deposition on those
amorphous interlayers. And our former investigations show that a-SiC
interlayers can improve the adhesion, frictional behavior and cutting
performance of diamond coatings on WC-6 wt.% Co substrates [21–22].
Table 2
List of different deposition processes for WC–Co cemented carbide substrates.
Sample Chemical etching Interlayer Co content Diamond deposition
1 Yes – 10 wt.% –
2 Yes – 6 wt.% –
3 Yes a-SiO2 (40 min) 10 wt.% –
4 Yes a-SiC (30 min) 10 wt.% –
5 Yes – 10 wt.% 4 h
6 Yes – 6 wt.% 4 h
7 Yes a-SiO2 (40 min) 10 wt.% 4 h
8 Yes a-SiC (30 min) 10 wt.% 4 h
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ited on SiO2 with reasonable nucleation rate [23]. Nevertheless, to our
knowledge there is few publications to date that describe the applica-
tion of a-SiO2 as interlayer material in CVD diamond deposition, which
may have pronounced effects on the adhesion of diamond coatings.
Therefore, it is necessary to study the inﬂuence of a-SiO2 interlayer on
the adhesion of diamond coatings.
Zirconia has a broad range of industrial applications. The excellent
properties of zirconia, such as high fracture toughness, chemical resis-
tance, low heat conductivity and good biocompatibility, make it very
suitable for producing dental and orthopedic implants in medical ﬁeld.
Nevertheless, such ceramics are not easy to be manufactured due to
the abrasive character of ceramic debris during machining. CVD dia-
mond coated tools are very promising in machining abrasive materials.
And yet there is very few data available insofar as zirconia is concerned
as test medium [6]. In this paper, by the combination of amorphous ce-
ramic interlayers and chemical etching, CVD diamond coatingswith im-
proved adhesion have been fabricated on WC-10 wt.% Co substrates. In
particular, the amorphous ceramic interlayered diamond coatings are
deposited on cemented carbide ball-end milling tools (Co 10 wt.%).
The effectiveness of amorphous ceramic interlayers has been validated
by milling zirconia ceramic.
2. Experimental
The cemented carbide sampleswith 10wt.% Co are used as substrates.
A two-step chemical pretreatment is performed in prior to remove sur-
face cobalt and roughen the substrate as well, which is reported else-
where [21]. The WC–Co substrates are dipped in the Murakami's regent
(10 g K3[Fe(CN)]6 + 10 g KOH + 100 ml H2O) in ultrasonic vessel for
15 min; then the surface binder phase was washed away in the acid
(30ml H2SO4+ 70ml H2O2) for 1min. Subsequently the amorphous ce-
ramic interlayers are synthesized in a home-made CVD apparatus, with
tetraethoxysilane (TEOS) and dimethyldiethoxysilane (DMDEOS) as the
precursors of a-SiO2 and a-SiC respectively. After the fabrication of amor-
phous ceramic interlayers, as-pretreatedWC–Co substrates are scratched
with 3 μm diamond powder and cleaned in ultrasonic deionized water
bath to enhance diamond nucleation prior to diamond deposition. Then
CVDdiamond coatings are depositedwith acetone and hydrogen as reac-
tant. The deposition parameters of interlayers and CVD diamond are
given in Table 1. Table 2 gives the different deposition processing condi-
tions in this study. In particular, conventional WC–Co substrates with
lower Co content (Sample 2 and Sample 6) are also employed in this
work, which are prepared using the same pretreatment and deposition
process.
The interlayermaterial (a-SiO2 and a-SiC) is investigated by transmis-
sion electron microscopy (TEM) and selected area electron diffraction
(SAED) to study themicrostructure and phase composition. The interlay-
ermaterial ismixedwith alcohol, and it is ground into sub-microscale re-
gimes in amortar and pestle. Subsequently, the turbid liquidwith ground
interlayer material is placed in ultrasonic vessel for 15 min to be well
mixed. After that 50 μl of the turbid liquid is dropped onto carbon ﬁlm,
which is mounted on copper grid as support. The carbon ﬁlmwith turbidTable 1
Deposition parameters of interlayers and diamond coatings.
Parameters a-SiO2 and a-SiC Diamond
Nucleation Growth
Pressure 12 Torr 15 Torr 30 Torr
Gas ﬂow 100 sccm 300 sccm 300 sccm
Precursor source/H2 ratio 0.5% – –
Acetone/H2 ratio – 1% 1%
Filament-substrate distance 15 mm 10 mm 10 mm
Filament temperature 2200 °C 2200 °C 2200 °C
Substrate temperature 700 °C 800 °C 800 °C
Negative bias current – 4 A 4 Aliquid is dried under a lamp for 30 min. Then the carbon ﬁlm is placed in
the vacuum cavity and the microstructure of grinded interlayer material
is detected by TEM.
Field emission gun scanning electron microscopy (FEG-SEM) is used
to investigate the morphologies of amorphous ceramic intermediate
ﬁlms and CVD diamond ﬁlms. Energy dispersive X-ray spectroscopy
(EDX) measurements are used to give an elemental analysis of the a-
SiO2 interlayer coated substrates and conventional chemical etched
substrates. The quality and crystalline microstructure of as-synthesized
diamond coatings are analyzed byRaman spectroscopy andX-ray diffrac-
tion (XRD). In order to evaluate the adhesive strength between diamond
coatings and WC–Co substrates, Rockwell indentation tests are per-
formed on as-synthesized diamond coatings, with a constant load of
100 kg. The indentation on each specimen is investigated by SEM
respectively.
To analyze the cutting performance of as-fabricated diamond coated
tools, comparative milling tests are conducted for diamond coated tools
with/without amorphous interlayers, with zirconia ceramic as thework
piece. The details of zirconia ceramic are given in Table 3. The milling
parameters are as follows: spindle speed, 8000 rpm; feed rate, 0.3
mm/rev, radial cutting width, 0.3 mm; cutting depth, 0.5 mm. No lubri-
cants are used in the cutting test. The wornmorphology of cutting edge
and the ﬂank wear values are investigated by optical microscope and
SEM respectively.3. Results and discussion
The amorphous ceramic interlayers (a-SiO2 and a-SiC) are synthe-
sized by pyrolysis of molecular precursors. In order to investigate the
microstructure and phase composition of interlayer material, TEM anal-
ysis is applied. After sufﬁcientlymechanical crushing, the interlayerma-
terial is grinded into sub-microscale regimes. As shown in Fig. 1a–b, the
dark particles of a-SiO2 and a-SiC can be observed, with sizes between
100 and 200 nm. For both types of interlayer materials, the SAED pat-
terns of sub-microscale regimes consist of only broad and dull halos, in-
dicating the presence of amorphous structure.
The SEMmicrographs and EDX patterns of amorphous ceramic inter-
layers and chemical etchedWC–Co substrates (Samples 1–4) are shown
in Fig. 2 by SEM. It can be seen fromFig. 2a and c that after chemical etch-
ing the surface topography of Samples 1–2 is quite alike. The cobalt on
cemented carbide substrate surface is washed away and the WC grains
present a rough and porous Co-depleted layer.When amorphous ceram-
ic interlayers are employed, as shown in Fig. 2e and g, homogeneous
pasty-like materials, i. e. a-SiO2 and a-SiC, are covered on the rugged
WC grains, and the surface topography is close in texture with ball-likeTable 3
Properties of zirconia ceramic.
Density (g/cm3) 6.03
Mean grain size (μm) 0.4
Young's modulus (GPa) 222
Fracture Toughness (Pam1/2) 10.7 ± 0.7
Hardness (kg/mm2) 1180 ± 13
Fig. 1. TEM images and SAED patterns of sub-microstructure of (a) a-SiO2 and (b) a-SiC material.
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ments of TEOS decomposition products (Fig. 2f) areO and Si. The compo-
nent elements of DMDEOSdecomposition products (Fig. 2h) are Si, C and
O. The main composition of TEOS decomposition products is SiO2 [24].
The decomposition products of DMDEOS are called Si–O–C hybridmate-
rial and contain both Si–C and Si–O bonds [25]. As shown in Fig. 2h, the
content of O is much lower than that of Si and C. The main composition
of DMDEOS decomposition products is supposed to be SiC, which con-
tains a small amount of O.
Subsequently, diamond coatings are deposited on these substrates.
The surface topography and fractography of as-fabricated diamond
coatings is illustrated in Fig. 3. For all four samples, their morphologies
are similar to each other. Pyramidal shaped (1 1 1) faceted crystallites
can be observed, whose size reaches 4–5 μm. Fig. 3e–hshows the
fractography of Samples 5–8. 4–5 μm-thick diamond coatings are syn-
thesized on each sample, with obvious columnar structure. Besides,
for Samples 7–8, it can be observed that amorphous mud-like inter-
layers exist between the diamond coatings and substrates. The thick-
ness of a-SiO2 interlayer and a-SiC interlayer is 0.4 μm and 1 μm
respectively.
The Raman spectra of as-fabricated diamond coatings are shown in
Fig. 4, using an Ar+ laser with an excitation wavelength of 632.8 nm.
The intense band located at about 1332 cm−1 for each sample is attrib-
uted to polycrystalline diamond. Moreover, a broad G band (graphite
phase) can be observed at around 1500 cm−1. All four spectra are
similar.
Fig. 5 gives the XRD patterns of as-fabricated diamond coatings
(Samples 5–8). As can be observed in all four samples, except for the
diffraction peaks attributable to tungsten carbide, intense (1 1 1) and
(2 2 0) diamond peaks exist at 2θ ~ 43.9° and 75.3°. Moreover, when
amorphous ceramic interlayers are employed, weak diffraction peaks
of the interfacial cobalt-silicides are detected at 2θ ~ 29.3°, 34.3°, 46.6°
and 80.8°, which can be ascribed to CoSi2 and CoSi respectively. This in-
dicates that the surface residual cobalt on chemical etched cemented
carbide substrates has reacted with the interlayer material in CVD pro-
cess, which is in accord with former study [20–21,26–27]. These inter-
metallic compounds are expected to have no deleterious effects like
cobalt [26]. Besides, it should be noted that the deposition of oxide
ﬁlms onWC–Comight cause the oxidation ofWC–Co surface. However,
as illustrated in Fig. 5c, no oxidized product (WO2, WO3, CoO, etc.) can
be detected when a-SiO2 interlayer is employed. We conjecture that
the thermal decomposition of TEOS droplets might take place near the
hot ﬁlaments in the atmosphere of H2. Then a-SiO2 particles come intobeing, fall on WC–Co substrate and pile up. The CVD process of a-SiO2
could be performed aboveWC–Co substrate rather than onWC–Co sub-
strate surface. So the oxidation of WC–Co substrate is avoided.
In order to evaluate the adhesive strength of ﬁlm/substrate system,
Rockwell indentation tests are conducted on as-fabricated diamond
coatings with and without amorphous ceramic interlayers. The SEM
characterization is shown in Fig. 6. As presented in Fig. 6a, the 100 kg
load causes crack propagation around the indentation contact region
of conventional diamond coating deposited on WC–10 wt.% Co sub-
strate. Similarly, the diamond coating deposited on WC–6 wt.% Co sub-
strate with no interlayer is also ﬂaked and chipped by indentation, as
shown in Fig. 6b. Nevertheless, for the amorphous ceramic interlayered
diamond coatings (Fig. 6c–d), the indentation regions are circle in shape
and no cracks extend from the indentations for the diamond coatings. It
should be noted that for cemented carbide substrates, higher cobalt
content means higher toughness and plasticity, which can enhance
the indentation deformation and increase the delamination between
ﬁlms and substrates. It can be concluded by comparison among Samples
5, 7 and 8 that the adhesive strength of diamond coatings deposited on
WC–10wt.% Co substrates has been remarkably enhanced by the amor-
phous ceramic interlayers.
The reasons for the adhesion enhancement are as follows. On one
hand, as shown in Fig. 5, during CVD process the amorphous ceramic in-
terlayers can reactwith the residual cobalt on the surface and the diffused
cobalt from the bulk. As mentioned before, the reaction products are ex-
pected to have no deleterious effects like cobalt [26]. And thus the graph-
itization caused by cobalt can be remarkably reduced. On the other hand,
as shown in Fig. 2, the interlayer material essentially acts as amorphous
binder to ﬁll up the voids of the porous zone on substrate surface after
chemical etching, which can improve the interfacial contact between di-
amond and substrate and, consequently, the adhesive strength.
In order to investigate the cutting performance of as-fabricated dia-
mond coated ball-end milling tools, milling tests are performed with
zirconia ceramic as the work piece. In particular, aiming at studying
the effect of cobalt content, except for the substrates with 10 wt.% co-
balt, conventional diamond coating is deposited on cemented carbide
tool with 6wt.% cobalt aswell. Fig. 7 presents the ﬂankwear of tools ob-
served by optical microscope. As exhibited in Fig. 7, the ﬂank wear of all
samples exhibits very close value for the ﬁrst 20min. It shows a slow in-
crease to 0.018 mm for Samples 5–8. Afterwards, however, the ﬂank
wear of Sample 5, i.e., conventional diamond coated tool with 10 wt.%
Co, rises sharply, which is about 0.1 mmwhenmilling for 30min. Obvi-
ous ﬂaking-off of diamond coatings can be seen. The milling tests for
Fig. 2. Surface topography (a, c, e, g) and EDX patterns (b, d, f, h) of (a, b) Sample 1 (c, d) Sample 2 (e, f) Sample 3 and (g, h) Sample 4.
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vere rise of ﬂank wear can be observed by optical microscope.
Fig. 8 gives the worn morphology of ﬂank wear of Samples 5–8 by
SEM. It can be seen in Fig. 8a that for Sample 5, after milling for
30 min, large area of diamond is peeled off, which causes the sharp in-
crease of ﬂank wear. Sample 6 exhibits better wear resistance and lon-
ger lifetime than Sample 5. However, after milling for 50 min, smallpieces of diamond coatings begin to detach from the cutting edge for
Sample 6, as shown in Fig. 8b. For the amorphous ceramic interlayered
tools, the milling duration is also 50 min, and there are only craters on
the worn cutting edge and no coating delamination is observed (see
Fig. 8c–d). Fig. 9 shows the ﬂank wear time evolution of Samples 5–8.
The amorphous ceramic interlayered tools exhibit lowest ﬂank wear
and longest lifetime. This indicates that by using the amorphous ceramic
Fig. 3. SEM images of (a, b, c, d) surface topography and (e, f, g, h) fractograph of (a, e) Sample 5 (b, f) Sample 6 (c, g) Sample 7 and (d, h) Sample 8.
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10 wt.% Co is signiﬁcantly improved, which exhibit even better cutting
performance than the diamond coated tool with 6 wt.% Co.
As illustrated in milling tests, the main failures of tools are coating
delamination and abrasive wear, which can be ascribed to the cutting
heat concentration on the cutting edge and continuous impact of zirco-
nia particles. The adhesion between diamond coatings andWC–Co sub-
strates is of great importance to the cutting performance of diamond
coated cutting tools. Sample 6 exhibits much longer lifetime than Sam-
ple 5 in this study. It can be concluded that the Co content of WC–Co
substrate has great inﬂuence on the adhesion of diamond coatings.The increase of Co content is detrimental to the adhesion between dia-
mond coatings and substrates, even though chemical etching of Co re-
moval is performed in prior. Moreover, according to the milling tests
of Samples 7–8, the amorphous ceramic interlayers (a-SiO2 and a-SiC)
can effectively improve the cutting performance of diamond coated
tools with high Co content (10 wt.%).
4. Conclusions
The CVD diamond coatings are deposited on cemented carbide
milling tools with 10 wt.% Co using a-SiO2 and a-SiC interlayers.
Fig. 4. Raman spectra of diamond coatings: (a) Sample 5, (b) Sample 6, (c) Sample 7, (d) Sample 8.
56 Y. Cui et al. / Diamond & Related Materials 63 (2016) 51–59The amorphous ceramic interlayers can reduce the catalytic effect of
binder phase and improve the interfacial contact between diamond
and substrates, thus enhancing the adhesion between diamondFig. 5. XRD patterns of (a) Sample 5, (b) Scoatings andWC–Co substrates. The milling tests against zirconia ce-
ramic indicate that the increase of Co content is detrimental to the
adhesive strength of diamond coatings on WC–Co substrates. Forample 6, (c) Sample 7, (d) Sample 8.
Fig. 6. SEMmicrographs of delaminated area on (a) Sample 5, (b) Sample 6, (c) Sample 7, (d) Sample 8.
57Y. Cui et al. / Diamond & Related Materials 63 (2016) 51–59Co-cemented tungsten carbide mills with 10 wt.% binder phase
(WC–10 wt.% Co), the amorphous ceramic interlayers can improve
the tool life by enhancing the adhesion of CVD diamond coatings.Fig. 7. Images of ﬂank wear afterIn this study, by using the amorphous ceramic interlayers, the dia-
mond coated tools with 10 wt.% Co exhibit even better cutting per-
formance than that with 6 wt.% Co.milling (magniﬁcation ×30).
Fig. 8. SEM images of worn surface of (a) Sample 5 after milling for 30 min and (b) Sample 6, (c) Sample 7, (d) Sample 8 for 50 min. The selected images with larger magniﬁcation are
shown on the right.
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Well adherent diamond coatings on these cemented carbide tools
with high cobalt content are of great importance to the improvement of
cutting performance and tool lifetime in difﬁcult-to-cut material machin-
ing. In this paper, two types of amorphous ceramic interlayers (a-SiO2 and
a-SiC) are employed to improve the adhesive strength between CVD dia-
mond coatings andWC–Coball-endmilling toolswithhigh cobalt content
(10wt.%). Indentation test shows that the amorphous ceramic interlayers
have greatly enhanced the adhesion between diamond ﬁlms andWC–Co
substrates. Moreover, the milling test against zirconia ceramic indicatesthat the toolswith amorphous ceramic interlayereddiamond coatings ex-
hibit improved cutting performance. The amorphous ceramic interlayers
can improve the adhesive strength and wear endurance of diamond
coatings onWC–10wt.% Co substrates,which provide a viableway for ad-
herent diamond coatings on cemented carbide tools with high cobalt
content.
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